Abstract Biomechanical factors play a critical role in regulating the physiology as well as the pathology of multiple joint tissues and have been implicated in the pathogenesis of osteoarthritis. Therefore, the mechanisms by which cells sense and respond to mechanical signals may provide novel targets for the development of disease-modifying osteoarthritis drugs (DMOADs). Transient receptor potential vanilloid 4 (TRPV4) is a Ca 2+ -permeable cation channel that serves as a sensor of mechanical or osmotic signals in several musculoskeletal tissues, including cartilage, bone, and synovium. The importance of TRPV4 in joint homeostasis is apparent in patients harboring TRPV4 mutations, which result in the development of a spectrum of skeletal dysplasias and arthropathies. In addition, the genetic knockout of Trpv4 results in the development of osteoarthritis and decreased osteoclast function. In engineered cartilage replacements, chemical activation of TRPV4 can reproduce many of the anabolic effects of mechanical loading to accelerate tissue growth and regeneration. Overall, TRPV4 plays a key role in transducing mechanical, pain, and inflammatory signals within joint tissues and thus is an attractive therapeutic target to modulate the effects of joint diseases. In pathological conditions in the joint, when the delicate balance of TRPV4 activity is altered, a variety of different tools could be utilized to directly or indirectly target TRPV4 activity.
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Introduction
Under physiologic conditions, the synovial joints of the body provide for motion and load transfer across the skeleton during the activities of daily living. The synovial joint can withstand millions of cycles of loading of many times body weight for decades of life with little or no damage or wear (Mow et al. 1992 ). However, under pathologic conditions, the joint can exhibit progressive degenerative and inflammatory changes in the cartilage, bone, synovium, and other tissues, resulting in a painful and debilitating family of diseases, termed arthritis. While many forms of arthritis exist, osteoarthritis is recognized as the most common form, affecting over 53 million people in the USA, and approximately 50 % of the population over age 65 (Barbour et al. 2013) . Despite the extensive impact of this disease, its etiopathogenesis is poorly understood, and osteoarthritis likely represents a family of diseases with a similar endpoint involving cartilage destruction, pathologic bone remodeling, and synovial inflammation that lead to loss of joint function. While the primary risk factors for osteoarthritis have been well characterized (e.g., age, joint injury, obesity, and joint malalignment), there currently exist no disease modifying drugs for this disease (Johnson and Hunter 2014).
The synovial (or "diarthrodial") joint forms a complex organ that involves the coordinated function of bone, cartilage, synovium, and other connective tissues, such as meniscus and ligaments. There is a growing consensus that degenerative joint diseases, such as osteoarthritis, represent a "whole joint" disease and not simply the pathology of one specific tissue (Loeser et al. 2012) . Joint tissue homeostasis requires the resident cells to integrate signals from both genetic and environmental information, which include factors such as soluble mediators (e.g., growth factors and cytokines), local tissue composition, and biophysical factors, particularly mechanical stress. Indeed, growing evidence indicates that biomechanical factors play a critical role in joint physiology as well as pathology and have been implicated in most hypotheses on the pathogenesis of osteoarthritis (Guilak 2011) . In this regard, the mechanisms by which cells sense and respond to mechanical signals in their environment, either physiologic or pathologic, provide a novel target for the development of disease-modifying osteoarthritis drugs (DMOADs) (Vincent 2013) .
Mechanical loading of the joint exposes cells within different tissues to a wide array of physical signals, including timevarying and spatially varying magnitudes of stress, strain, fluid flow, fluid pressure, electrokinetic effects, and changes in the tissue fixed charge density, in addition to changes in the shape and volume of resident cells (Guilak and Hung 2005) . In cartilage, for example, the extracellular matrix possesses a large negative charge due to the high concentration of the anionic proteoglycan aggrecan, which in turn attracts cations to counterbalance the fixed charge. Compression of cartilage results in pressurization and exudation of the interstitial water, increasing the local fixed charge density and thus exposing the resident cells, chondrocytes, to fluctuations in extracellular osmolarity, which subsequently can activate intracellular signaling cascades and acute volume change (Mow et al. 1994; Erickson et al. 2003) . While bone undergoes generally much lower magnitudes of dynamic strain than cartilage, a number of experimental and theoretical studies have shown that the complex structure of the bone canaliculi serve to amplify dynamic tissue strains into relatively high fluid shear stresses that can deform bone cell processes and their surrounding glycocalyx (Cowin et al. 1995; Wang et al. 2005) . Similar to chondrocytes, these secondary biophysical effects of loading can also activate intracellular signaling cascades in osteocytes (Jing et al. 2014) . The synovial capsule can undergo relatively large strains during joint movement (McCarty et al. 2011) , and mechanical stretch of the synovium has been associated with an anti-inflammatory response (Sun and Yokota 2002) , as well as potentially pathologic responses following trauma (Bignold and Lykke 1975) . Thus, the ability for joint tissues to sense physical signals that are engendered secondary to physiologic or pathologic mechanical loads may play an important role in normal homeostasis, and thus form the foundation for drug discovery.
The transient receptor potential (TRP) ion channels have recently emerged as regulators of critical cellular responses to a diverse array of physical and chemical signals, including mechanical loading, osmolarity, heat, cold, and a variety of other physical and chemical stimuli that are necessary for the normal function of many cell types within the body (Nilius and Voets 2004) . These channels have been classified into seven subfamilies based on sequence homology and show complex gating behavior that can integrate a number of different physical and chemical stimuli. The critical role of TRP channels in regulating normal cell physiology is apparent by the wide array of diseases that are now attributable to TRP channel dysfunction, either through the identification of point mutations (channelopathies) or through genetically modified mouse models involving deletion or modification of TRP channels (Kiselyov et al. 2007; Nilius and Voets 2013) . In this regard, TRP channels have emerged as novel and untapped pharmacologic targets for a variety of diseases in most major physiologic systems of the body (Okuhara et al. 2007; Salat et al. 2013) .
In particular, transient receptor potential vanilloid 4 (TRPV4) has emerged as a regulator of cell function in multiple tissues. TRPV4 was discovered in 2000 (Liedtke et al. 2000; Strotmann et al. 2000) and was found to be a polymodally activated Ca 2+ -permeable nonselective cation channel that is involved in transduction of osmotic and mechanical cues Liedtke and Kim 2005) . It has also been demonstrated to function in signaling related to pain and inflammation Alessandri-Haber et al. 2005; Chen et al. 2013; Moore et al. 2013; Chen et al. 2014 ). Subsequently, TRPV4 has been found to be expressed and functionally relevant in several musculoskeletal tissues, including cartilage (Muramatsu et al. 2007; Phan et al. 2009; Clark et al. 2010) , bone (Masuyama et al. 2008; Mizoguchi et al. 2008) , and synovium (Kochukov et al. 2006; Itoh et al. 2009; Kochukov et al. 2009 ). Over the last decade, the specific roles of TRPV4 in the synovial joint have been explored and elucidated. Given its critical sensory roles in the joint, TRPV4 is an ideal therapeutic target for joint diseases.
Importance of TRPV4 in joint health
Recently, a number of studies have identified TRPV4 mutations in humans that cause musculoskeletal diseases (Nilius and Voets 2013) . Understanding the mechanisms by which these TRPV4 mutations cause disease can yield insight into how TRPV4 functions in joint health. Nearly 70 different single amino acid substitutions in TRPV4 that cause diseases have been identified to date (McEntagart 2012; Nishimura et al. 2012) . Although TRPV4 is expressed in a variety of tissues, the effects of these TRPV4 mutations are seen primarily in the skeletal and nervous systems, which indicates the key role that TRPV4 plays in these tissues. Surprisingly, mutations are found throughout the TRPV4 protein, with no apparent link between mutation location and functional consequences (Nilius and Voets 2013) .
The TRPV4 mutations that cause skeletal disease can be broadly divided into two categories: skeletal dysplasiacausing mutations and arthropathy-causing mutations. The skeletal dysplasia-causing mutations are more numerous and cause a wide range of skeletal dysplasias. The mildest skeletal dysplasia results in scoliosis and shortened stature, limbs, and digits (Rock et al. 2008) , while the most severe dysplasias are neonatally lethal (Camacho et al. 2010) . On the other hand, individuals with the arthropathy-causing mutations have a normal-appearing skeleton at birth but develop painful deforming arthritis in the digits of the hand by adulthood (Lamande et al. 2011) . These two broad classes of skeletal TRPV4 diseases result from different effects on channel function. Many of the TRPV4 mutations that cause skeletal dysplasias are gain-of-function mutations, where the mutation increases channel permeability to resting Ca 2+ and Ca 2+ influx in response to a stimulus (Rock et al. 2008; Krakow et al. 2009; Camacho et al. 2010) . However, the arthropathy mutations cause a decrease in channel function by preventing normal trafficking of TRPV4 channels to the membrane (Lamande et al. 2011) .
A number of recent studies have shed light on the underlying mechanisms by which TRPV4 mutations lead to skeletal dysplasias (Leddy et al. 2014a, b; Saitta et al. 2014; Weinstein et al. 2014) . The dysplasias result from improper endochondral ossification (Weinstein et al. 2014) due to increased Ca 2+ influx into chondrocytes through TRPV4 mutant channels, which in turn upregulates follistatin, a potent inhibitor of the bone morphogenetic protein (BMP) family of growth factors that are required for proper endochondral bone formation (Fig. 1) (Leddy et al. 2014b) . Cells expressing these mutations are also less sensitive to BMP signaling, which prevents the normal chondrocyte hypertrophy cascade and leads to improper bone formation (Saitta et al. 2014) .
Thus, diminished TRPV4 function seems to result in arthritic changes in the joint cartilage, whereas overactive TRPV4 function appears to be associated with dysfunction or maladaptation of the growth plate cartilage. In these diseases where TRPV4 channel activity is affected, targeting TRPV4 function may provide a direct therapeutic approach to treat skeletal dysplasias and arthropathies.
Role of TRPV4 in cartilage
TRPV4 plays a critical regulatory role in the development and maintenance of musculoskeletal tissues and in particular, cartilaginous tissues (Clark et al. 2010) . During endochondral ossification, Trpv4 mRNA is expressed in the cartilage template of the mouse tibia and fibula at 13.5 dpc (Cameron et al. 2009 ). Furthermore, in the murine chondrogenic ATDC5 cells, TRPV4 expression and activation by the pharmacological TRPV4 agonist 4α-phorbol 12,13-didecanoate (4α-PDD) increases SOX9 reporter activity (Muramatsu et al. 2007 ). SOX9 is a transcription factor that is critical for chondrocyte differentiation and regulation of cartilage-specific extracellular matrix molecules. During chondrogenesis, the expression pattern of TRPV4 is similar to the expression pattern of the cartilage-specific extracellular matrix components, type II collagen and aggrecan (Muramatsu et al. 2007 ). In addition, TRPV4 is also highly expressed at both the RNA and protein levels in mature articular cartilage (Phan et al. 2009 Leddy et al. (2014b) is largely localized to the cell membrane of articular chondrocytes and colocalizes with α-tubulin on the primary cilium (Phan et al. 2009 ). Several studies have assessed the effects of various stimuli on TRPV4 expression. Cyclic biaxial stretch and chondrocyte passage and time in culture do not alter TRPV4 protein levels (Hdud et al. 2012 (Hdud et al. , 2014 . Hypo-osmotic stimulation of isolated equine articular chondrocytes causes an increase in TRPV4 protein levels and ERK1/2 phosphorylation within 6 h (Hdud et al. 2014) . Treatment with PD98059, an ERK1/2 phosphorylation inhibitor, prevents the hypo-osmotic induced TRPV4 upregulation and suppresses TRPV4 expression under isoosmotic conditions. On the other hand, hyper-osmotic stimulation decreases TRPV4 protein expression at early time points (90 min and 3 h) but returns to control levels by 6 h (Hdud et al. 2014) . These data suggest that during normal joint loading, which causes chondrocytes to experience large changes in the osmotic environment, TRPV4 expression levels may be altered in vivo.
TRPV4 function in chondrocytes has been elucidated using various channel agonists and antagonists. In particular, Ca 2+ signaling in porcine articular chondrocytes is increased by the TRPV4 agonist 4α-PDD and is blocked by the TRPV4 selective antagonist GSK205 (Phan et al. 2009 ). Hypo-osmotic stimulation also enhances the percentage of chondrocytes responding with a Ca 2+ signal and regulatory volume decrease and increases production of the proinflammatory factor prostaglandin E 2 (PGE 2 ); all of these effects are mediated by TRPV4, as shown by specific inhibition with GSK205. Interestingly, while TRPV4 is expressed throughout the chondrocyte cell membrane, chemical disruption of the primary cilium with chloral hydrate eliminates Ca 2+ signaling in response to 4α-PDD and hypo-osmotic stress, suggesting that an intact cilium is required for signaling (Phan et al. 2009 ). In addition, integrin α1β1 has also been shown to be essential for Ca 2+ influx in response to hypo-osmotic stress and the TRPV4 agonist GSK1016790A in situ in mouse cartilage and in vitro in isolated chondrocytes (Jablonski et al. 2014) .
Inflammatory cytokines, such as interleukin-1 (IL-1) or tumor necrosis factor alpha (TNF-α), and their downstream effectors have been implicated in osteoarthritis pathogenesis and are also mediated by TRPV4. In response to hypoosmotic stress, the proinflammatory cytokine IL-1 causes defective regulatory volume decrease, but this response is restored by 4α-PDD activation of TRPV4 (Phan et al. 2009 ). Additionally, in rat temporomandibular condylar chondrocytes, TRPV4 activation with 4α-PDD decreases production of the proinflammatory mediator nitric oxide, while TRPV4 inhibition with ruthenium red upregulates production of nitric oxide (Hu et al. 2013) . Interestingly, TRPV4 protein levels were recently shown to be modulated by the binding of to the 3′UTR of Trpv4. The expression of miR-203 decreases TRPV4 protein levels and increases the production of nitric oxide (Hu et al. 2013) , suggesting that miR-203 could be a therapeutic target for modulating TRPV4 activity. It is important to note, however, that ruthenium red is not a specific inhibitor of TRPV4 and may also interact with a number of other TRP channels and other proteins, including TRPV1, TRPV2, TRPV3, TRPV5, TRPV6, TRPA1, TRPM6, and TRPM8 (reviewed in Vincent and Duncton 2011).
The appropriate expression and regulation of TRPV4 is critical to maintain joint health. While gain of function mutations in TRPV4 leads to the development of skeletal dysplasias, the loss of TRPV4 results in the development of age-and sex-dependent osteoarthritis (Clark et al. 2010) . Chondrocytes from Trpv4
−/− mice did not respond to hypo-osmotic stress or 4α-PDD, whereas chondrocytes from Trpv4 +/+ mice showed increased Ca 2+ influx in response to these stimuli. At 9-12 months of age, male Trpv4 −/− mice had increased histologic scores indicative of osteoarthritis and characterized by fibrillation, eburnation, and proteoglycan loss. Interestingly, there was no difference in osteoarthritis severity between the female mice, suggesting that TRPV4 function or activity may be regulated by sex hormones. The male Trpv4 −/− mice also had increased calcified meniscal volume, which could be attributable to a dysregulation in ATP/extracellular pyrophosphate efflux that could promote excess calcification (Rosenthal et al. 2013) . In support of this idea, hypo-osmotic stress and TRPV4 activation by GSK1016790A, a TRPV4-specific agonist, have both been shown to elicit Ca 2+ -dependent increases in extracellular ATP levels (Rosenthal et al. 2013) . However, the sex specificity of TRPV4 expression or function is not well understood, and only a few studies have examined this issue. For example, a TRPV4 polymorphism has been identified that results in hyponatremia in humans but is present only in men (Tian et al. 2009 ). The genetic or molecular mechanisms responsible for this sexual dimorphism in TRPV4 function remain to be determined, and these sex-dependent differences may impact the effectiveness of TRPV4-based therapeutic interventions.
In addition to naturally occurring osteoarthritis, the loss of TRPV4 results in severe diet-induced obesity and obesityinduced osteoarthritis (O'Conor et al. 2013 ). Trpv4 −/− mice fed a high-fat diet (60 % kcal from fat) had increased weight gain, adiposity, more severe obesity, increased knee osteoarthritis scores, and decreased cage activity compared to Trpv4 +/+ mice and Trpv4 −/− mice fed a control diet (10 % kcal from fat). In addition, there was a reduction in histological scores for chondrocyte cloning and hypertrophy in Trpv4 (O'Conor et al. 2014 ). In particular, physiologic (10 %) dynamic mechanical compression of agarose-embedded chondrocytes upregulates proanabolic and anticatabolic genes, and increases extracellular matrix accumulation and mechanical properties. In addition, inhibition of TRPV4 during dynamic compression prevented these mechanically induced changes. In the absence of mechanical loading, the chemical activation of TRPV4 with GSK1016790A or osmotic loading also yielded a similar enhancement of anabolic gene expression and reduced catabolic gene transcription, while increasing matrix biosynthesis and mechanical properties (Fig. 2) . Similarly, 4α-PDD activation of TRPV4 during chondrogenesis of ATDC5 cells or C3H10T11/2, a murine mesenchymal stem cell line, enhances S-GAG synthesis and increases SOX9 mRNA and protein (Muramatsu et al. 2007 ). Other groups have also utilized 4α-PDD treatment of selfassembled high-density chondrocytes (Eleswarapu and Athanasiou 2013) or osmotic loading of agaroseembedded chondrocytes and synovium-derived stem cells (Sampat et al. 2013) to increase the mechanical properties of tissue-engineered cartilage. Furthermore, recent evidence suggests that TRPV4 may synergize with other channels such as the PIEZOs to regulate chondrocyte response to different magnitudes of strain ).
Role of TRPV4 in bone
Mechanical stimulation and the regulation of Ca 2+ are critically important for the maintenance of bone homeostasis (Lieben and Carmeliet 2012) . In particular, TRPV4 is expressed by both osteoblasts and osteoclasts and is involved in the regulation of bone formation and resorption (Mizoguchi et al. 2008) . TRPV4 mRNA levels are increased throughout osteoblastic differentiation of primary osteoblast-enriched cell cultures and the osteoblastic cell line MC3T3-E1 ). In addition, treatment of these cells with BMP-2, which enhances differentiation of osteoblastic cells, also increases TRPV4 expression in a dose-dependent manner. The activation of TRPV4 with 4α-PDD induces Ca 2+ influx in osteoblastic cells and is further enhanced in differentiated cells. Mechanical stimulation of osteoblasts with fluid flow induces intracellular Ca 2+ oscillations, but this response is suppressed in osteoblasts isolated from Trpv4 −/− mice ), pointing to the critical role of TRPV4 in mediating the osteoblastic response to mechanical stimulation. Mechanical stimulation of bones is necessary to regulate the balance between bone formation and resorption. In a hind limb unloading model, female mice develop osteopenia characterized by reduced mineral apposition rate and bone formation rate, increased number of osteoclasts in the trabecular bone, reduced longitudinal length of the trabecular bone, and decreased bone mass (Mizoguchi et al. 2008 ). However, these osteopenic features were not observed in Trpv4 −/− mice, indicating a critical role for TRPV4 as a bone mechanosensor in unloading-induced bone loss. TRPV4 is clearly involved in the response of bone to mechanical stimulation and also plays a role in osteoclast function. Trpv4 −/− mice have increased bone mass and trabecular bone volume due to impaired bone resorption and decreased osteoclast number and osteoclastic activity (Masuyama et al. 2008) . These skeletal observations can be explained by the role of TRPV4 in mediating basolateral Ca 2+ influx in large osteoclasts, which is required for nuclear factoractivated T cells (NFAT) c1-dependent gene transcription that activates osteoclast-specific genes and promotes osteoclast differentiation and maturation (Masuyama et al. 2008 ). On the other hand, activation of TRPV4 in male mice expressing osteoclast-specific gain of function TRPV4 mutations (TRPV4
R616Q/V620I
) causes an increase in osteoclast number and resorptive activity, resulting in bone loss and decreased bone mass (Masuyama et al. 2012 revealing a potential therapeutic target for regulating bone mass (Masuyama et al. 2012 ). Many diseases and pathologic conditions, including inflammation and injury, result in a disruption of the acid-base balance causing acidosis. In particular, in osteoclasts, acidosis promotes the last phase of preosteoclast differentiation (Kato and Morita 2011) . Ruthenium red, a nonspecific TRP channel antagonist, blocks acidosis-induced large osteoclast formation in bone marrow cells, while RN1734, a TRPV4-specific antagonist, partially blocks the acidosis effect. In contrast, TRPV4 activation with 4α-PDD in the last 21 h of preosteoclast differentiation causes a synergism with acidosis to enhance large osteoclast formation due to the activation of src kinase by acidosis, which in turn phosphorylates TRPV4 (Kato and Morita 2011) .
The role of TRPV4 in the bone is regulated in a sexually dimorphic fashion (van der Eerden et al. 2013), similar to the findings in cartilage from Trpv4 −/− mice (Clark et al. 2010 (Fig. 3 ). Osteoblast and osteocyte numbers and bone formation were not altered in these mice; however, osteoblast differentiation was enhanced in bone marrow cells from Trpv4 −/− mice. In the femur, maximum load, stiffness, and work to failure were unaffected by genotype but the bone material was less resistant to stress and less elastic in the male Trpv4 −/− mice. The loss of TRPV4 results in the uncoupling of osteoclast and osteoblast activity that maintains bone homeostasis. Interestingly, none of the skeletal parameters were altered in the female Trpv4 −/− mice. Cultured osteoblasts from male but not female mice increased Trpv4 mRNA in response to 17β-estradiol, suggesting the sensitivity of the male cells to sex steroids (van der Eerden et al. 2013) . Furthermore, in the Rotterdam study, the T allele of the rs1861809 SNP in TRPV4 is associated with a 30 % increased risk for nonvertebral osteoporotic fracture risk in men but not women, and this association was confirmed by meta-analysis of the population-based study but not in nonpopulation-based studies (van der Eerden et al. 2013 ). These studies suggest that TRPV4 is a sexually dimorphic therapeutic and diagnostic candidate for osteoporosis and potentially bone remodeling, as related to arthritic diseases.
Role of TRPV4 in synovium
One of the hallmark features of rheumatoid arthritis and osteoarthritis is the development of synovitis, but only a few studies have assessed the role of TRPV4 in synovium. TRPV4 is expressed by the tumor-derived synoviocyte cell line SW982 (Kochukov et al. 2006) , the human fibroblast-like synoviocyte cell line MH7A (Itoh et al. 2009 ), and primary human synovial cells that were isolated from patients with inflammatory arthropathies (Kochukov et al. 2006) , rheumatoid arthritis, and control patients (Itoh et al. 2009 ). However, TRPV4 expression levels were very low in the MH7A cells and transfection of human TRPV4 was necessary in these cells to measure increased Ca 2+ influx in response to 4α-PDD −/− mice at 12 months. Reprinted from Clark et al. (2010) or hypo-osmotic stimulation (Itoh et al. 2009 ). In synoviocytes from rheumatoid arthritis and control patients, activation of TRPV4 by 4α-PDD increased Ca 2+ , which was inhibited by ruthenium red and the removal of extracellular Ca 2+ . Interestingly, the disease state of synoviocytes plays a key role in their response to TRPV4 activation. The proinflammatory cytokine IL-1α activated the production of IL-8, but in the presence of 4α-PDD, IL-8 production was suppressed in the synoviocytes from rheumatoid arthritis patients but not from control patients (Itoh et al. 2009 ). On the other hand, TNF-α treatment of SW982 cells increased the expression of TRPV4 at both the mRNA and protein levels and further enhanced the hypo-osmotic stress-induced increases in Ca 2+ signaling (Kochukov et al. 2009 ). These data suggest the potential utility of targeting TRPV4 as an inflammatory treatment in arthritic synoviocytes.
Animal models of inflammatory arthritis in the temporomandibular joint (TMJ) demonstrate that TRPV4 is an important player in joint inflammation and pain (DenadaiSouza et al. 2012; Barbour et al. 2013) . Following carrageenan injection into the rat TMJ, the expression of TRPV4 and protease-activated receptor 2 (PAR-2) was increased in synovial cells and TRPV4 agonists increased intracellular Ca 2+ concentrations in these cells (DenadaiSouza et al. 2012) . Treatment with a PAR-2-activating peptide (PAR-2-AP) blocked the functionality of TRPV4, making PAR-2 a possible therapeutic target for arthritis. On the other hand, adjuvant-induced synovitis in the mouse TMJ was unaffected by the presence or absence of TRPV4 in the synovium ). However, this long-term inflammation of the TMJ evoked Trpv4 upregulation in the trigeminal ganglion, in sensory neurons both innervating the TMJ and "bystanders." The absence of Trpv4 decreased TMJ pain equivalents in mice (Fig. 4a, b) , suggesting that neuronal TRPV4 is a pronociceptive target for TMJ inflammation.
Role of TRPV4 in arthritis pain
Joint pain is a major determinant of the suffering of patients from joint disorders, even more important than impaired joint mobility and joint destruction caused by the underlying disease. Joint pain also has an enormous influence on health care management. As cartilage lacks direct innervation, pain in joint diseases, including both rheumatoid arthritis and osteoarthritis, is a function of disease-modified pain and inflammatory signaling, rather than a result of pathological damage to the joint. In chronic disease, sprouting of nerve fibers is one morphological hallmark indicative of joint pain hypersensitivity and results in allodynia to the slightest movement and load-bearing of the diseased joint. Sensory neurons in dorsal root ganglion and trigeminal ganglion are critical to this process since chronic joint pain can be temporarily blocked by local anesthesia to the major peripheral nerve, which harbors the fibers that innervate the respective joint (Schaible 2013) .
TRPV4, like TRPV1 and TRPA1, is a "pain TRP" (Amadesi et al. 2004; Dai et al. 2004; Dai et al. 2007; Grant et al. 2007; Cenac et al. 2008; Brierley et al. 2009; Choi et al. 2009; Cattaruzza et al. 2010; Chen et al. 2011; Denadai-Souza et al. 2012; Poole et al. 2013; Terada et al. 2013 ). In particular, TRPV4 has been demonstrated to be expressed in jointinnervating sensory neurons in the dorsal root ganglion and trigeminal ganglion, which provides innervation for the TMJ . Other nonneural cells also have to be considered as underappreciated modulators of pain, which can reach the level of a critical nonneural pain generator. For example, this has recently been demonstrated for skin keratinocytes that become pain generators in response to UVB overexposure . The cross talk between nonneural to neurosensory cells has not been thoroughly investigated. PAR-2-mediated signaling to a TRP channel might be a basic theme shared between the inflammatory and injury response in the nonneural cell and subsequent nociceptive signaling in the dorsal root ganglion or trigeminal neuron. Fig. 4 Attenuation of bite force in response to TMJ inflammation depends on Trpv4. a The attenuation of bite force in response to complete Freund's adjuvant (CFA) is dependent on Trpv4 in both sexes. There is not a measurable reduction in bite force when injecting incomplete Freud's adjuvant (IFA) as a control. ***p < 0.001, **p<0.01, *p<0.05 by one-way ANOVA with Tukey's post hoc test. b The systemic application of the TRPV4-specific inhibitor, HC-067047, applied 24 h after TMJ injection with CFA attenuates the bite force. One hour after application of HC-067047, the attenuation is similar to the level observed in Trpv4 −/− mice. However, at 3 h, the compound loses its effect and at 5 and 7 h, it is no longer different from vehicle-injected. HC-067047 did not alter the bite force in Trpv4 −/− mice, indicating a lack of off-target effects. **p<0.01, *p<0.05 versus vehicle-treated by twotailed t test. Reprinted from Chen et al. (2013) However, critical details of PAR-2 signaling could differ between responses and cell types.
Proteolytic pathogenesis has been elucidated in rheumatoid arthritis, as well as in osteoarthritis (Opdenakker et al. 1991; Poole et al. 2003; Rannou et al. 2006; Connor et al. 2012; Troeberg and Nagase 2012) . Increased expression of matrix metalloproteinases by chondrocytes and synoviocytes is associated with and contributes to disease pathogenesis for these conditions (Okada et al. 1989; Brama et al. 1998; Alenius et al. 2001; Bluteau et al. 2001; Posthumus et al. 2003; Gupta et al. 2007; Choi et al. 2009; Noss et al. 2011; Galasso et al. 2012; Akagi et al. 2014) . PAR-2 is a G-protein-coupled receptor that is activated by proteolytic cleavage of an N-terminal extracellular moiety, which allows the receptor to self-activate (Bohm et al. 1996; Kong et al. 1997; Dery et al. 1998; Steinhoff et al. 2000; Vergnolle et al. 2001; Coelho et al. 2003; Moffatt 2004; Rattenholl and Steinhoff 2008) . PAR-2 activation can lead to signaling that results in activation of TRPV4 (Amadesi et al. 2004; Dai et al. 2004; Dai et al. 2007; Grant et al. 2007; Cenac et al. 2008; Brierley et al. 2009; Choi et al. 2009; Cattaruzza et al. 2010; Chen et al. 2011; Denadai-Souza et al. 2012; Poole et al. 2013; Terada et al. 2013; Cevikbas et al. 2014; Jia et al. 2014) . PAR-2 can be proteolytically activated by thrombin, granzyme B, cathepsin S, and possibly other proteases. These three proteases have been implicated in the pathogenesis of joint diseases, such as rheumatoid arthritis and possibly osteoarthritis (Kummer et al. 1994; Morris et al. 1994; Cella et al. 1997; Dery et al. 1998; Hashimoto et al. 2001; Ronday et al. 2001; Goldbach-Mansky et al. 2005; Weidauer et al. 2007; Hasegawa et al. 2009; Hasegawa et al. 2011; Clark et al. 2012; Tindell et al. 2012; Lambert et al. 2014) , and PAR-2 is expressed by synoviocytes, chondrocytes, and innervating sensory neurons (Steinhoff et al. 1999; Steinhoff et al. 2000; Kawabata 2002; Coelho et al. 2003; Moffatt 2004; Kanke et al. 2005; Bushell 2007; Helyes et al. 2010; Denadai-Souza et al. 2012; Russell et al. 2012) .
Up to this point, direct evidence supporting a role for PAR-2 activation in joint disease has been shown for inflammatory arthritis, such as rheumatoid arthritis, but not in osteoarthritis (Kanke et al. 2005; Russell et al. 2012) . It is not fully understood which TRP channels couple with PAR-2 in different cell types from arthritic joints. However, TRPV4 is a strong candidate because of its prominent and well-documented expression throughout diarthrodial joints (Phan et al. 2009; Clark et al. 2010; Bourque et al. 2012; Denadai-Souza et al. 2012; Barbour et al. 2013; O'Conor et al. 2013; Leddy et al. 2014b; O'Conor et al. 2014 ) and because of its role in inflammatory coupling of PAR-2 activation (Grant et al. 2007; Cenac et al. 2008; Sipe et al. 2008; Chen et al. 2011) . In a recent elegant study, it was shown that cathepsin S activates PAR-2, which subsequently activates TRPV4 (Grace et al. 2014; Sostegni et al. 2014; Zhao et al. 2014) and plays a role in inflammatory pain in vivo. In addition, cathepsin S has been found to be involved in the pathogenesis of inflammatory arthritis (Nakagawa et al. 1999; Turkenburg et al. 2002; Grant et al. 2007; Weidauer et al. 2007; Pozgan et al. 2010; Clark et al. 2012) . Critical involvement of the coupling between PAR-2 and TRPV4 appears to be a likely and appealing pathogenetic mechanism in joint disease, especially in the dissociation of skeletal injury from chronic joint pain.
Therapeutic applications
TRPV4 functions throughout the joint tissues to maintain a delicate homeostasis for normal joint function. The critical balance of TRPV4 activity in joint health is exemplified by the development of osteoarthritis in TRPV4-deficient mice and the development of skeletal dysplasias in patients with TRPV4 gain of function mutations. In pathological conditions in the joint when the delicate balance of TRPV4 activity is altered, a variety of different tools could be utilized to directly or indirectly target TRPV4 activity (Fig. 5) . However, as TRPV4 plays a role in a variety of systems in the body, targeting treatments specifically to the joint tissues may be crucial. Direct TRPV4 agonists or antagonists could be administered intra-articularly to help prevent systemic side effects. TRPV4 activators, such as GSK1016790A or 4α-PDD, may be beneficial to prevent the development or progression of osteoarthritis, since knocking out TRPV4 accelerates osteoarthritis (Clark et al. 2010 ). In addition, TRPV4 activators could be utilized in arthritic synoviocytes to suppress inflammatory cytokine production (Itoh et al. 2009 ), which ultimately promotes the degradation of joint tissues and the progression of arthritis. On the other hand, inhibition of TRPV4 channel function may be a useful treatment for patients with gain of function TRPV4 mutations, which cause skeletal dysplasias. TRPV4 channel blocking may also be a valuable tool to increase bone mass in patients with osteoporosis or excessive bone resorption. Finally, the utility of blocking TRPV4 activity to suppress pain in TMJ disorder has previously been shown in an inflammatory mouse model using the TRPV4-specific inhibitor HC-067047 (Fig. 4b) . Another promising drug is the orally active TRPV4 channel blocker, GSK2193874, which has been shown to block human TRPV4 and to prevent and resolve heart failure induced pulmonary edema in rodents (Thorneloe et al. 2012) . Given the critical nature of the calmodulin binding domain for myosin IIa association and TRPV4 signaling (Masuyama et al. 2012) , deletion of the calmodulin binding domain in TRPV4 or interfering with the association of myosin IIa would be another strategy that could be utilized to suppress TRPV4 activity. Alternatively, intra-articular injections of anti-sense constructs could be utilized to specifically target TRPV4 but would not be targeted to a specific cell type in the joint. On the other hand, intra-articular injections of shRNA containing DNA constructs or replication-deficient viruses that are driven by a cell-specific promoter would allow specific suppression of TRPV4 expression in the cells of interest.
Several different mediators have been identified that interact with TRPV4 and could also function as therapeutic targets to indirectly modulate TRPV4 activity in arthritis. MicroRNA-203, which suppresses TRPV4 expression (Cevikbas et al. 2014) , has been shown to be upregulated in both osteoarthritis and rheumatoid arthritis synovial fibroblasts (Stanczyk et al. 2011) . Therefore, the use of anti-sense oligonucleotides (Horwich and Zamore 2008) to block miR-203 could be an effective therapeutic target to prevent the downregulation of TRPV4 expression during the development and progression of osteoarthritis and rheumatoid arthritis. PAR-2 is another potential target for arthritis treatment given that PAR-2 sensitizes TRPV4 (Denadai-Souza et al. 2012); PAR-2 expression is increased in rheumatoid arthritis synovium; and arthritis development is impaired in PAR-2 knockout mice (Busso et al. 2007) . A recent study has shown the effectiveness of a PAR-2 pharmacological inhibitor, pepducin P2pal-18S, in a mouse model of pancreatitis (Michael et al. 2013 ); therefore, this may be another possible therapeutic target to modulate TRPV4 activity to prevent arthritis.
Not only is TRPV4 a potential therapeutic target for joint diseases, but it can also provide a novel tool for accelerating functional tissue engineering applications in the joint. Traditionally, mechanical loading bioreactors have been necessary to promote the formation of tissue-engineered cartilage that has mechanical properties similar to native cartilage . However, recent studies have shown that the activation of TRPV4 in chondrocytes can promote the formation of tissue-engineered constructs with improved mechanical properties without the use of such bioreactors (Eleswarapu and Athanasiou 2013; Sampat et al. 2013; O'Conor et al. 2014) . Furthermore, direct activation of TRPV4 using GSK1016790A elicits a stronger response than mechanical loading or hypo-osmotic stimulation in tissue-engineered cartilage constructs (O'Conor et al. 2014) ; therefore, pharmacologic targeting of TRPV4 may provide a more effective means of accelerating cartilaginous tissue formation and mechanical properties. In the case of bone, osteoblast differentiation and osteoclast maturation are also enhanced by TRPV4 activation (Masuyama et al. 2008; Suzuki et al. 2013 ). Thus, TRPV4 inhibitors can be applied to suppress osteocyte differentiation and conversely, TRPV4 activators can be utilized to promote osteocyte differentiation.
Finally, induced pluripotent stem cells (iPSCs) from patients with genetic alterations in TRPV4 can provide valuable tools for screening therapeutic compounds. In particular, iPSCs can be generated from patients with TRPV4 mutations that cause the spectrum of skeletal dysplasias (Saitta et al. 2014 ) and the arthopathies, or from patients with osteoporosis, rheumatoid arthritis, or osteoarthritis. Cartilage derived from iPSCs has been shown to replicate various aspects of human disease in vitro (Willard et al. 2014 ) and can be used to test therapeutic approaches for the spectrum of joint diseases. 
Conclusions
In summary, there is a preponderance of evidence showing that TRPV4 plays a crucial role in the health and disease of multiple joint tissues. Patients harboring TRPV4 mutations exhibit a spectrum of skeletal dysplasias and arthropathies (Rock et al. 2008; Lamande et al. 2011; Leddy et al. 2014a) , whereas loss of TRPV4 function through genetic knockout results in the development of osteoarthritic changes and decreased osteoclast function (Masuyama et al. 2008; Clark et al. 2010) . Furthermore, TRPV4 plays a critical role in trigeminal pain, particularly in the TMJ Chen et al. 2014) . While the specific details on the mechanisms of TRPV4 activity in arthritis and inflammation are still being elucidated, the critical function of TRPV4 for maintaining joint homeostasis make this channel an intriguing and accessible target for therapeutic interventions.
